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Department of Chemical and Biological Eng., Korea University

Abstract: This study focused on the synthesis of stable nanofluids and their
direct application to the CO, absorption process. A sol-gel process was used as
the synthesis method of nanoparticles in nanofluid. The particle size and stability
were determined by SEM image and zeta potential of the nanofluid. Three types
of nanofluids containing approximately 30 nm, 70 nm, and 120 nm particles were
synthesized and all nanofluids had a stable zeta potential of approximately —45
mV. Addition of nanoparticles increased the average absorption rate of 76%
during the first 1 minute and total absorption amount of 24% in water. The
capacity coefficient of CO, absorption in the nanofluid is 4 times higher than
water without nanoparticles, because the small bubble sizes in the nanofluid have
large mass transfer areas and high solubility.

Keywords: Absorption, CO,, mass transfer, nanofluid, nanoparticle

INTRODUCTION

A nanofluid is a stable suspension containing nanoparticles. The nano-
fluid can be prepared by common methods for synthesizing nanoparti-
cles. Many researchers are developing novel methods for the synthesis
of nanoparticles. Xun et al. (1) prepared the stable silver nanoparticles
using the extraction reduction method. Christopher et al. (2) synthesized
the copper nanoparticles in compressed liquid and supercritical fluid
reverse micelle systems. Lai et al. (3) controlled the size of the magnetic
nanoparticles using a blockcopolymer.
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Since the term “nanofluid” for enhancing heat transfer was firstly
used by Choi (4), there have been considerable efforts in investigating
nanofluids with practical application to heat transfer. Many researchers
have reported the high thermal conductivity and heat transfer coefficient
of nanofluids (5,6). Keblinski et al. (7) suggested the possible mechanisms
for the heat transfer of nanofluids as the brownian motion of nanopar-
ticles, liquid layering, particle clustering, and the thermal properties of
the medium. Krishnamurthy et al. (8) first observed that a dye diffuses
faster in a nanofluid than in water. They explained that the Brownian
motion of the nanoparticles induces convection in the nanofluids. Ha
(9) reported that the absorption rate of ammonia in water was increased
by the addition of nanoparticles in a falling film type absorber. Kim et al.
(10) reported the increased ammonia absorption performance by the
addition of nanoparticles in a bubble type absorber.

One of the most important absorption application used by nanofluids
is the CO, absorption. The reduction of CO, is becoming more important
in these days. In terms of the Kyoto Protocol, many nations have set tar-
gets for decreasing the CO, gas emissions. Several studies have proposed
various methods to enhance the CO, absorption efficiency. Astarita (11)
used a Mono Ethanol Amine (MEA) solution to enhance the absorption
performance by a reaction between the MEA and CO,. However, this
method has some flaws such as the corrosion of the reactors by the amine
component and the difficulty in renewable operation. Therefore, Chakra-
borty et al. (12) used the hindered amine and made an effective regener-
ation of a concentrated absorbent. An increased resistance to the SO,
component is a weak point of the hindered amine process. Rao (13)
reported the Hot Potassium Carbonate (HPC) process. Cullinane and
Derks (14,15) used a piperazine material to enhance the level of CO,
absorption and effective regeneration processes. As a physical approach
for enhancing CO, absorption, Dagaonkar et al. (16) developed an adsorp-
tion method by attaching the gas components to TiO, microparticles.

Although these methods for enhancing the absorption performance
are useful, these are highly dependent on the specific properties of the tar-
get material, such as the surface structure of microparticles and the reac-
tion kinetics of each component. Because of these reasons, a nanofluid is
suggested as a new absorbent to increase the rate of CO, absorption. Kim
et al. (17) reported that gas bubbles in a nanofluid are smaller than in
pure water and applied this phenomenon directly to a gas absorption pro-
cess in a bubble type absorber.

The aims of this study are to synthesize the stable nanofluids and
determine their CO, absorption performance. The solution containing
K,COj; and piperazine was also used as the absorbent, and the combined
performances with the nanofluids were investigated.
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THEORY
Sol-gel Method

In this research, silica nanofluids were used, because it is the widely used
material and easy to prepare. The electric insulating properties of silica
nanoparticles also suggest potential applications to electronic devices.

The sol-gel method is a widely used process for synthesizing nanopar-
ticles. Figure 1 shows the reaction mechanisms of the sol-gel process for
the synthesis of silica nanoparticles. The reaction passes by two steps.
The first step is the hydrolysis reaction of the precursors and the next step
is the condensation. In the hydrolysis reaction, the organic binders of the
precursors are substituted with hydroxyl groups and two hydrolyzed
monomers are connected to each other in the condensation step. For syn-
thesis of spherical particles, the processes are performed under base con-
dition (18). Because the rate of the hydrolysis reaction is much faster than
the condensation process in the base catalysis. The condensation reaction
occurs after all the organic binders of the precursors are substituted with
hydroxyl groups. They can be grown to spherical particles with a network
structure. The reaction rate at each step is determined by pH, tempera-
ture and concentration of each component. The particle sizes and shapes
can be regulated by changing these independent variables.

DLVO Theory

Interparticle forces should be considered for analyzing stability of nano-
particles in a synthesized nanofluid. The DLVO theory was named after

Figure 1. Reaction mechanism of the sol-gel process for the synthesis of silica
nanoparticles.



09: 10 25 January 2011

Downl oaded At:

Silica Nanofluid Synthesis 3039

Derjaguin, Landau, Verwey, and Overbeek(DLVO) and provided the
basic framework for the colloidal interactions and stability (19). There
are interaction forces of two types. One is the van der Waals attractive
force between particles. The other one is the repulsive force acquired as
a result of the surface charge or specific ion adsorption. Equations (1)
~(3) give the mathematical descriptions for the interparticle forces. At
the equilibrium point of the two forces, when the total potential energy
is zero, the particles will be arranged at a stable distance.

A
Van der waals attractive Energy : V4 = —md_z (1)
Double layer repulsive Energy : Vi = Vyexp(—kd) (2)
Total potential Energy :Vy = V4 + Vi (3)

Zeta potential is a widely used factor for quantifying particle stability.
Zeta potential means the surface charge at the stern (slipping) layer of
the particles. The ionic group of particles attract the opposite ions and
establish the ion cloud, which determines the zeta potential value. If the
absolute value of zeta potential were too low, the particles would
aggregate. On the other hand, if the absolute value of the zeta potential
is high, the particles would be separated by a stable condition.

Fig. 2 shows the various ways to induce a repulsive force and
make the particles stable. The representative nature of the double
layer repulsive force is the steric and electrostatic hindrance. With this
principle, the particles will be stable by inducing a surface charge
and attaching polymer chains to the particle surface. The high
concentration of ions and polymer chains between the two particles
attached by surface treatment induces an osmotic pressure and makes
the particles separate.

Reaction Kinetics

In this study, piperazine promoted potassium carbonate was used as
the reacting absorbent to the CO, gas. Potassium ions in potassium
carbonate store aqueous CO, in solution. Piperazine is the organic
compound that has a six-membered ring with two opposing amine
functional groups. Table 1 shows the structure of piperazine and the
individual reactions when CO, absorption occurs in this solution. Like
the reaction kinetics, piperazine is an attractive material for absorbing
CO,, because two CO, molecules can be attached to a single piperazine
molecule through the two amine functional groups in piperazine.
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Figure 2. Various methods for inducing particle stability.

In addition, the CO, is detached easily due to the steric hindrance in
the piperazine molecule. This can be quite beneficial to the process
of regeneration of the concentrated absorbent.

Table 1. Reaction kinetics of CO, in the PZ promoted potassium carbonate
solution

H
N

[ j Structure of piperazine
N

CO>(g)— CO(aq)

CO>(aq) +2H,0 — HCO; + H;0"

HCO;™ 4+ H,O « C0§7 + H;0"

2H,0 < H3;0" + OH~

PZ + H,0 + COs(aq) <+ PZCOO™ + H;0"

PZH" + H,0 < PZ + H3;0"

PZCOO™ + H,0 + COy(aq) < PZ(COO™), + H3;O0*"
H*PZCOO™ + H,0 < PZ(COO™) + H;0*
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EXPERIMENTAL
Preparation of Nanofluid

Rao et al. (20) introduced a simple method for synthesizing silica nano-
particles. The sol-gel process of one step method was used to prepare
silica nanofluid. The raw materials for synthesis were TEOS (Tetra Ethyl
Ortho Silicate, Aldrich) as the precursor, ethanol (99%, Aldrich) as the
solvent, water (DI water) for the hydrolysis reaction, and ammonium
hydroxide (NH; 28%, Aldrich) as the base catalyst. All synthetic pro-
cesses were performed in an ultra-sonication bath, which made the par-
ticle size uniform and induced a stable condition of the homogeneous
reaction.

Ethanol of 8 mol and water of 14mol were placed in a synthesis
reactor and stirred for 10 minutes to make the reaction condition homo-
geneous. Subsequently, TEOS of 0.045 mol was added to the solution and
the hydrolysis reaction proceeded. After 20 minutes, ammonium hydrox-
ide was added to promote the condensation process. The synthesis takes
approximately 60 minutes after adding the ammonium hydroxide cata-
lyst. The nanoparticles size was regulated by changing the amount of
ammonium hydroxide as 0.28 mol, 0.42 mol and 0.56 mol.

Characterization of the Nanofluid

The samples for detecting sizes and shapes of the synthesized nanoparticles
were prepared by spin coating the nanofluid onto a silicon oxide wafer.
Scanning electron microscopy (SEM) was used to observe and measure
the size of the nanoparticles in nanofluid. A zeta-potential meter
(ELS-8000, Otsuka Electronics Co.) was used to measure the zeta potential
and determine the stability of the produced nanofluid.

Apparatus

Absorption experiments were performed in the bubble type absorber
shown in Fig. 3. The absorber was a cylinder of 260mm (L) x
70mm (D) in size. The CO, bubbles are injected through the bubbler
at the lower part. A mass flow controller (MFC) and mass flow meter
(MFM) were used to measure the input and output gas flow rate. The
rate of absorption was obtained by subtracting the output gas from
the input gas flow rate under airtight conditions. Because the bubble
type absorber is a batch reactor, unsteady-state absorption will be
performed until the absorbent is saturated. During the experiments,
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Figure 3. Schematic diagram of a bubble type absorber.

the gas flow rate the and amount of absorbent were fixed to 0.5 L/min
and 0.5 L, respectively, and the absorption experiments were performed
at room temperature and 1atm.

RESULTS AND DISCUSSION
Characterization of Nanoparticles in Nanofluid

Figure 4 shows SEM images of the uniform sized nanoparticles in the
nanofluids. The size of the nanoparticles was controlled by the amount
of ammonium hydroxide as a catalyst. The particle size was approxi-
mately 30nm, 70nm, and 120nm at ammonium hydroxide concentra-
tions of 0.28mol, 0.42mol, and 0.56 mol, respectively. The catalyst
promotes the condensation reaction in the sol-gel process and the parti-
cles grow fast and become large. The number of nanoparticles is small at
a large amount of ammonium hydroxide, because the precursor content
was fixed in three samples.
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(c) 120 nm (NH4OH 0.56 mol)

Figure 4. The SEM images of the synthesized nanoparticles in a nanofluid.

The content of the precursors was relatively small compared with the
other raw materials under the assumed conditions almost all precursors
had changed to silica particles. The synthesis reaction was regarded as the
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100% irreversible reaction and expected to produce the same silica particles
of 0.045mol as the amount of precursor. The weight fraction of silica was
calculated by the weight of produced silica over the total weight of solution.
The calculated weight fraction of nanoparticles in the synthesized nanofluid
was approximately 0.42 wt%. The absorption experiment was carried out at
nanofluid solution of 0.021 wt% diluted by 20 times.

STABILITY OF THE NANOFLUID PRODUCED

Figure 5 shows the zeta-potential value of the three types of synthesized
nanofluid. The absolute values of -44.51 mV, -45.64 mV, and -44.09 mV,
were relatively high, which demonstrates the stable nanofluids. Figure 6
shows the electron penetration flows of the cells in the zeta potential
experiment and a parabolic curve. The principle of the zeta potential is
an electrophoresis method. The electron penetration flows of the solvent
due to the surface charge of the cell are involved in determining the zeta
potential. Hence, the zeta potential should be measured at the isoelectric
point in the electron penetration graph. Both an accurate isoelectric point
and zeta potential can be obtained from this parabolic curve of the elec-
tron penetration flows.

Gas Absorption in Bubble Type Absorber
Absorption Performance of CO,

Figure 7 shows images of the bubbles in the water and the nanofluid of
0.021 wt% silica containing 30 nm silica nanoparticles. The bubble size
in the nanofluid was much smaller than in the water. This suggests appli-
cations to the gas absorption processes such as removing the harmful
gases of factory stacks with its large surface area.

Figure 8 shows the absorption rate of CO, in water and in the nano-
fluid as a function of time. The nanofluid contains 0.021 wt% of 30 nm
silica nanoparticles. The absorption rate was decreased by the time due
to the absorber of a batch reactor. In graph (a), the average rate of
absorption during the first 1 minute was 0.253 L/min in water and
0.442 L/min in the nanofluid; the absorption rate was increased 76%
in nanofluid. The cumulative absorption curve (b) shows that the overall
absorption in the nanofluid was increased 24%.

A piperazine and potassium carbonate solution is an attractive
absorbent for the CO, absorption. In Fig. 9, the absorption performance
in the K,COj3 and piperazine solution increased in comparison to water.
For the preparation of this absorbent, 0.025 mol of K,CO; and 0.025 mol
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Figure 5. The zeta potential of the synthesized nanofluids.

of piperazine were dissolved in 1 L of pure water. Figure 9 shows the
nanoparticle effects on the absorption rate and amount in the K,CO;3
and piperazine solution. The average rate of CO, absorption during
the first 1 minute in the K,CO;/piperazine solution, and the
K,CO;/piperazine solution containing the 0.021 wt% silica nanoparticles
were 0.438 L/min and 0.484 L/min respectively, showing an
11% increase. The total absorption in each absorbent was 1.02 L and
1.14 L respectively, indicating a 12% increase.

For the in-depth study on the absorption performance, the mass
balance equation for gas absorption in the bubble type absorber was
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Figure 6. Electron penetration flow of the synthesized nanofluids in the zeta
potential experiment.

established in equation (4), and this ordinary differential equation can be
transformed to equation (5) in case of no reaction (21).
dCy

wy = VW = VkLa(CA,s - CA) — VR, (4)

1
Cy=Cyy [1 - W] (5)



09: 10 25 January 2011

Downl oaded At:

Silica Nanofluid Synthesis

(b) In 0.021 wt% nanofluid

Figure 7. Bubble sizes in water and the nanofluid.

3047



09: 10 25 January 2011

Downl oaded At:

3048

Absorption rate (L/min)

Absorption amount (L)

0.5

04

0.3

0.2

0.1

0.0

1.2

1.0

0.8

0.6

0.4

0.2

0.0

W.-G. Kim et al.
o’.... = Water
e Nanofluid
- °
L [ ]
n
- -. )
u
I. °
B | |
e
i [ ]
o
—l 1 1 1 1 "
0 100 200 300 400 500
Time (s)
(a)
n Water
B e Nanofluid
-
. om
!. 1 1 1 1 "
0 100 200 300 400 500
Time (s)
(b)

Figure 8. Absorption rate and absorption amount in water and the nanofluid.



09: 10 25 January 2011

Downl oaded At:

Silica Nanofluid Synthesis 3049

0.5}
ﬁ:"""'-.. » Piperazine+K,CO,
'-'.. % ® Piperazine+K,CO, +Nanoparticle
0-4 I~ (] ° A water
— LI
£ ]
£ 4 °
J03fF R -,
55 A " o
2 A u
[ A ",
g 0.2 AAA .-I
g | %,
g Sy o'
201
< -
0.0 |
1 n 1 " 1 n 1 " 1
0 100 200 300 400
Time (s)
(@
12 1140
or o 1.02L
L]
) r D
S os| . ......,
=3 o u
o r ° .l
5 0.6 |- o = Piperazine+K,CO,
§ L ‘.:. e Piperazine+K,CO, +Nanoparticle
g 04}
8 |"
a e
< o2 #
I &
-
0.0 |
1 1 1 1 " 1 1
0 100 200 300 400 500
Time (s)
(b)

Figure 9. Absorption rate and amount in the Piperazine/Pottasium Carbonate
solution and in the Piperazine/Pottasium Carbonate solution containing
0.021 wt% nanoparticles.

In Fig. 10, the capacity coefficient was obtained by plotting the experi-
mental data along side the derived equation. As a result, the capacity
coefficients of the nanofluid and water were 0.045 s~! and 0.0105 s~ %,
respectively, which show a 329% increase in the nanofluid compared with
pure water. The initial flat region in the graph of the nanofluid was
attributed to the surface renewal effect induced by collisions between
the nanoparticle and flowing bubbles (17).
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Figure 10. Capacity coefficient in water and the nanofluid.

There is one point that needs to be considered. Even though the
experimental data of water was fitted precisely to the derived exponential
equation, the experimental data of the nanofluid was not fitted to the
exponential equation from approximately 120s to 400s. This is explained
by the adsorption effect of CO, on the surface of the nanoparticles (11).
The CO, micro bubbles adsorbs onto the surface of the nanoparticles and
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@ 9O 959,
L FY A
L 1

",/wp

¢
1Q

Stabilized
silica

. collision

Initial bubble

Figure 11. Absorption mechanisms in the bubble type absorber.
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the adsorbed gas bubbles increases the absorption performance with the
absorption to the solution.

The difference between the equation and experimental value is the
additional effects by the adsorption of CO, bubbles onto the surface
of the nanoparticles. An increasing amount could be obtained by
integrating the unmatched region in the graph. The additional effect
was determined to be approximately 0.0921 L.Kim et al. (17) suggested
possible mechanisms for the CO, absorption in a nanofluid. The absorp-
tion mechanism is illustrated in Fig. 11. The stable nanoparticles in a
nanofluid provide additional energy to the solution and increase the total
area of gas bubbles. This means that the stable nanoparticles and flowing
gas bubbles collide with each other and gas bubbles are cracked to small
bubbles and the mass transfer area is increased. This phenomenon was
optically observed in the absorber in Fig. 7.

This small bubble size enlarges the total absorption amount and
increases the inner bubble pressure by the Laplace-Young equation (6).
In addition, from Kelvin equation (7), the solubility of the gas compo-
nent increases when the radius of the gas bubbles decreases (22). This
principle can explain the increases in the total absorption amount in
the experimental results of the nanofluid.

05
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Figure 12. Nanoparticle concentration effects on the absorption performance in
nanofluid.
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Figure 13. Nanoparticle size effect on absorption performance in the nanofluid.

Laplace Young equation:

2'\
AP = Pin — Pout = ﬁ/ (6)

Kelvin equation:

P 2y

Absorption performance as a Function of the Nanoparticle Concentration

The absorption experiments were performed by changing the fraction of
nanoparticles in the nanofluid from 0.01 wt% to 0.04 wt%, as shown in
Fig. 12. From the results, the absorption performance increases with
increasing nanoparticle content. This suggests that a large amount of
nanoparticles induces positive effects on the gas absorption mechanism
because a large amount of nanoparticles presents more energy to the sol-
ution and effectively reduce the gas bubble size.

Size Effects of Nanoparticles on Absorption Performance
Gas absorption experiments were performed in the three different nano-

fluids containing three different sized nanoparticles of 30nm, 70 nm,
120 nm, respectively, and the same nanoparticle fraction of 0.021 wt%.
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From the results of Fig. 13, all the three graphs almost coincided with
each other and do not show large changes depending on the particle size.

One possible explanation is that the same content of nanofluid pre-
sents the same amount of additional energy to the solution, because
the number of nanoparticle is increased by decreasing the particle size
and decreased by increasing particle size. The gas bubbles in the same
contents of nanofluid are cracked to the same size even at the different
sizes of the nanoparticles and result in the same absorption performance.

CONCLUSION

In this study, three kinds of nanofluids containing 30 nm, 70 nm, 120 nm
particles were synthesized. The zeta potential values of all nanofluids
were approximately —45mV, and were judged to be stable. The average
CO, absorption rate during the first 1 minute, and the total absorption in
the 0.021 wt% nanofluid increased 76% and 24% respectively, compared
to water. The capacity coefficient in the nanofluid and water were found
to be 0.045 s ! and 0.0105 s~ !. In the piperazine/K,CO; absorbent, the
average CO, absorption rate during the first 1 minute and total
absorption were increased 11% and 12% by the addition of 0.021 wt%
nanoparticles. In this research, studies on the synthesis and characteriza-
tion of the nanofluids will form the basis for an in-depth nanoparticles
and fluid technology for many applications. The CO, absorption
processes in the nanofluid with a piperazine/K,CO; solution are directly
applicable to the industrial plants for reduction of CO,.

NOMENCLATURE

Vi Van der Walls attractive energy[J/ m?]

A: Hamaker Constant[J]

d: Distance between two particles[m]

V& Double layer repulsive energy[J/ m?]

Vo: Surface change density[J/ m?]

k: Inverse debye length [m]

Vr Total energy [J/ m?]

W4 Absorption rate [L/ min]

v Inner volume of a bubble type absorber [L]
kpa: Capacity coefficient[/s]

Cys Concentration at the film surface [ mol/L]
Cy Concentration at some point in the fluid phase [ mol/L]

R, Reaction rate[/s]
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R: Gas constant[J/ mol.K]
T: Tempaarature [K]

P Vapor pressure [pa]
P> isotropic pressure [pa]
y: surface tension [N/m]

{{\overline{V}_{L}}}:
Molar volume of liquid [L/ mol]
r: bubbleradius [m]
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